INTRODUCTION
============

Gliomas are the most common and lethal type of adult primary brain tumors, accounting for more than 46% of all brain tumors ([@b24-molce-40-10-761]). Glioblastoma is the highest grade glioma (WHO grade IV) and comprises 50--60% of all gliomas ([@b47-molce-40-10-761]). Despite comprehensive treatment, the prognosis of patients with glioblastoma remains poor, with the overall 5-year survival rate of less than 5% ([@b42-molce-40-10-761]). The dismal prognosis of glioblastoma patients is associated with the resistance to chemotherapy and radiation as well as the high recurrence after surgical resection ([@b44-molce-40-10-761]; [@b47-molce-40-10-761]). In general, the urgent need for exploring novel therapeutic targets of glioblastoma has been highlighted.

A characteristic molecular feature of most gliomas is the combination of various genetic aberrations, leading to both inactivation of tumor suppressor genes and amplification of oncogenes. Loss of heterozygosity (LOH) at the long arm of chromosome 19 (LOH 19q) is a common genetic alteration in human gliomas, whereas such a deletion is rare in most other common malignancies ([@b33-molce-40-10-761]; [@b43-molce-40-10-761]). LOH 19q is associated with higher grade and poorer prognosis of gliomas, indicating glial-specific tumor suppressor genes in this chromosome region. Several deletion mapping studies of gliomas have narrowed the 19q commonly deleted region to an interval within the cytogenetic band 19q13.3 ([@b12-molce-40-10-761]). Solute carrier family 8 member 2 (SLC8A2), also called sodium/calcium exchanger 2 (NCX2), is located on chromosome 19q13.32 ([@b29-molce-40-10-761]). SLC8A2 encodes a Na^+^/Ca^2+^ exchanger mediates cellular Ca^2+^ efflux/influx and thus contributes to intracellular Ca^2+^ homeostasis ([@b30-molce-40-10-761]). Cytosolic Ca^2+^ plays a crucial role in intracellular signaling pathways, some of which are relevant to tumorigenesis and tumor progression ([@b2-molce-40-10-761]). In the previous study, from gene expression databases, we found that the expression of SLC8A2 was abundant in normal brain, but not present at any significant levels in gliomas ([@b29-molce-40-10-761]). We also found that DNA methylation played a key role in the transcriptional silencing of SLC8A2 in gliomas ([@b29-molce-40-10-761]). Accordingly, the hypothesis was that SLC8A2 might be a tumor suppressor gene involved in gliomas development.

In the present study, to test this hypothesis, we constructed the human glioblastoma cell line U87MG stably transfected with SLC8A2 and assessed the role of SLC8A2 as a glioblastoma suppressor via *in vivo* and *in vitro* experiments.

MATERIALS AND METHODS
=====================

Cell line and culture
---------------------

Human umbilical vein endothelial cells (HUVECs) and human glioblastoma cell line U87MG were obtained from the Cell Bank of the Chinese Academy of Science. The cells were routinely cultured in Dulbecco's modified Eagle's medium (DMEM, Gibco, Invitrogen Life Technologies, Barcelona, Spain) supplemented with 10% fetal bovine serum (FBS, HyClone), penicillin (100 U/ml) and streptomycin (100 μg/ml) in a humidified 5% CO~2~ at 37°C.

Antibodies
----------

Rabbit anti-ERK1/2 MAPK, rabbit anti-phospho-ERK1/2 MAPK (Thr202/Tyr204), rabbit anti-p38 MAPK, rabbit anti-phospho-p38 MAPK (Thr180/Tyr182), rabbit anti-SAPK/JNK, rabbit anti-phospho-SAPK/JNK (Thr183/Tyr185), rabbit anti-AKT, rabbit anti-phospho-AKT, rabbit anti-p65, rabbit anti-IkB, rabbit anti-MMP-2, rabbit anti-MMP-9, rabbit anti-lamin B1, rabbit anti- -β-catenin were from Cell Signaling Technology (USA). Rabbit anti-phospho-IkB was from Abcam (UK). Horsera-dish peroxidase-labeled goat anti-rabbit IgG, horsera-dish peroxidase-labeled goat anti-mouse IgG, mouse anti-GAPDH, and mouse anti-actin were from Multi-Sciences Biotech Co. Ltd (China). Rabbit anti-SLC8A2 was from MBL International Corporation (Japan).

Plasmid construction and stable transfection
--------------------------------------------

To construct a recombinant lentivirus plasmid expressing the SLC8A2 gene, the open reading frame of the SLC8A2 was cloned into pENTR223.1 vector (Invitrogen, USA ) to generate Lenti-SLC8A2-IRES-EGFP. U87MG cells were seeded into 6-well plates and the next day Lenti-SLC8A2-IRES-EGFP was put into the plates to co-culture for 24 h. Then cells were split at a 1:5 dilution and exposed for 2--3 weeks in Blasticidin (Calbiochem, USA; Cat.No.400052) containing medium (2 μg/μl) and colonies were picked for the resistance to Blasticidin. Expression of SLC8A2 was confirmed by Western blot using a monoclonal antibody against SLC8A2. The U87MG stably transfected with Lenti-EGFP served as negative control. In the following statement, U87MG-SLC8A2 cells stand for U87MG cells stably transfected with SLC8A2. The control, U87MG-NC cells, for U87MG cells stably transfected with Lenti-EGFP. For further validation, the expression of SLC8A2 was confirmed by Western blot ([Fig. 1A](#f1-molce-40-10-761){ref-type="fig"}).

*In vivo* xenograft experiments in nude mice
--------------------------------------------

Fifteen 4-week-old BALB/c nude mice were obtained from Animal Center of Soochow University (China). All animal operations were performed in strict accordance with the guidelines for the Care and Use of Laboratory Animals of the National Institutes of Health. This study was approved by the Research Ethic Committee of Soochow University. The mice were randomly divided into three groups (n = 5 for each group): U87MG, U87MG-NC, and U87MG-SLC8A2. The cells were injected subcutaneously into the right flank of each mouse at a density of 4 × 10^6^ cells. Tumor growth was monitored twice a week. At the end of 4 weeks, tumors from mice were dissociated and evaluated.

Cell proliferation assay
------------------------

Cell growth was measured using the cell counting kit-8 (CCK-8, Dojindo Molecular Technologies, Gaithersburg, USA) according to the manufacturer's protocol. Briefly, cells (2.5 × 10^3^/well in 100 μl medium) of the three groups were seeded into the 96-well plates and 10 μl CCK-8 solution (Sigma, USA) was added into each well at the same time point every day for 6 d. After incubation for 90 min, the optical density (OD) at 450 nm was measured with averages from six replicates using a microplate reader.

Cell cycle assay by flow cytometry
----------------------------------

Cells of the three groups were plated into a 6-well plate at a density of 1.5 × 10^5^ cells/ml with a total volume of 2 ml. After cultured for 48 h at 37°C, cells were then collected and centrifuged at 300 × *g* for 5 min. Cell pellets were then resuspended in ice-cold ethanol (75%) and fixed for at least 24 h at −20°C. To determine cellular DNA content, fixed cells were centrifuged at 300 × *g* for 5 min and washed with PBS for one time. Re-suspend the cell pellets in 100 μl Rnase A (KeyGEN, China) at 37°C for 30 min, and then stain the cells with propidium iodide (PI) (KeyGEN) for 30 min in dark. Samples were analyzed by flow cytometry on Cytomics FC 500 (Beckman Coulter, USA) with the excitation of an argon laser at 488 nm. The percentage of cells in G1, S, and G2/M phases of cell cycle were analyzed with (Multiple) Software Version: CXP 2.2.

Cell migration and invasion assays
----------------------------------

The cells (2 × 10^4^/well) were suspended in 100 μl of serum-free medium and seeded into the upper chambers of the 24-well Transwell inserts with 8 μm pores (Corning, USA). DMEM with 10% FBS was added in the lower chambers. Following 48 h of incubation at 37°C, the cells on the upper surface of the filter were mechanically removed with a cotton swab, and the migrated cells on the lower surface were fixed with crystal violet cell colony staining kit (GenMed, USA). The stained cells were counted in five randomly selected fields per filter under a microscope (100 × magnification). The cell invasion potential was assessed as described above, except that the Transwell inserts were coated with Matrigel (60 μl/well, BD Bioscience, USA). Each experiment was performed in triplicate wells and repeated three times.

RNA isolation and reverse transcription polymerase chain reaction (RT-PCR)
--------------------------------------------------------------------------

Total RNA was extracted from cells using TRIzol kit (Invitrogen, USA) and RT-PCR was then conducted following the manufacturer's instructions. Gene primers were listed as follows: uPA: 5′-ACTCCAAAGGCAGCAATGAACT-3′ (forward), 5′-GTGCTGCCCTCCGAATTTCT-3′ (reverse); uPAR: 5′-CACAAAACTGCCTCCTTCCT-3′ (forward), 5′-AATCCCCGTTG GTCTTACAC-3′ (reverse); MMP-2 : 5′-CAGGCTCTTCTCCTTT CACAAC-3 (forward), 5′-AAGCCACGGCTTGGTTTTCCTC-3′ (reverse); MMP-9: 5′-TGGGCTTAGATCATTCCTCAGT-3′ (forward), 5′-TTCCCATCCTTGAACAAATACA-3′ (reverse); COX-2: 5′-ACAACATTCCCTTCCTTC-3′ (forward), 5′-CCTTATTTCCTTT CACACC-3′ (reverse); HIF-1α: 5′-CCTGAGCCTAATAGTCCC-3′ (forward), 5′-GGTGGCATTAGCAGTAGG-3′ (reverse); VEGF: 5′-CGAAACCATGAACTTTCTGCTGTC-3′ (forward) and 5′-TCACCGCCTCGGCTTGTCACAT-3′ (reverse); GAPDH: 5′-AAT GGGCAGCCGTTAGGAAA-3′ (forward), 5′-GCCCAATACGA CCAAATCAGAG-3′ (reverse). The relative expression of each gene was calculated by comparison with the housekeeping gene GAPDH.

Western blot
------------

Cells were washed three times with pre-colded PBS solution and whole cell proteins were extracted by incubation with the radioimmunoprecipitation assay (RIPA) buffer (Beyotime, China). The nuclear extracts were prepared using a NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific, USA) according to the manufacturer's instructions. Both protease and phosphatase inhibitor (Roche, Switzerland) were contained in the protein extracts. Protein concentration was determined using a BCA Protein Assay Kit (Beyotime). Equal amounts of protein (50 μg) were separated by sodium dodecyl sulfate-poly-acrylamide gel electrophoresis and electrophoretically transferred to poly-vinylidene difluoride membranes. The membranes were blocked with 5% non-fat dry milk for 1 h at room temperature and then incubated overnight at 4°C with the primary antibodies. After washing, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies for 1 h at 37°C. Immunoblots were visualized by Enhanced Chemiluminescence Detection Kit for HRP (Biological Industries, Israel) using Kodak X-OMAT LS film (Eastman Kodak, USA). The blots were subsequently stripped through incubation in TBST buffer and re-probed for GAPDH, lamin B1, or β-actin as a loading control. Quantitative data were obtained using Quantity One Software (Bio-Rad).

Gelatin zymography assay
------------------------

Cells (about 70--80% cell density of confluent culture) were washed and cultured with serum-free DMEM for 18 h. Then the supernatant was collected and concentrated with the 30 kDa amicons (Millipore, USA). The enzymatic activity of MMP-2 was determined by SDS-PAGE as follows. Serum-free culture medium containing 25 μg protein per sample was prepared in non-denaturing loading buffer (0.5 M Tris-HCl, pH 6.8, 10% SDS, 0.1% bromophenol blue, and 10% glycerol) and were size-fractionated in 10% SDS-polyacrylamide gel impregnated with 0.1% gelatin. The gels were then washed with 2.5% Triton X-100 three times for 20 min at room temperature to remove SDS and then incubated in a developing buffer (50 mM Tris-HCl buffer (pH 7.4), 20 mM NaCl, 10 mM CaCl~2~, and 0.1 NaN~3~) for 40 h at 37°C. Subsequently, gels were fixed and stained with 10% 2-propanol and 10% acetic acid containing 0.5% Coomassie Blue R250. Gelatinase activity was visualized as clear bands within the stained gel. Gels were scanned, and a densitometric analysis was performed using the image analysis program Quantity One (Bio-Rad).

Human umbilical vein endothelial cells (HUVECs) tube formation assay
--------------------------------------------------------------------

To evaluate the effect of SLC8A2 on the functional activity of angiogenesis in vitro, HUVECs tube formation assays were performed. Briefly, HUVECs cells were suspended in serum-free conditioned medium (CM) obtained from culture supernatant of U87MG, U87MG-NC or U87MG-SLC8A2 cells. 300 μl Matrigel (BD, Biosciences) were pipetted into 24-well plates and allowed to polymerize for 1 h at 37°C. HUVECs cells were then seeded onto 24-well plates coated with the polymerized Matrigel at a density of 5 × 10^3^ cells/well in 500 μl of the indicated CM and incubated at 37°C in humidified 5% CO~2~ for 6 h. The capillary tube-like structures formed by HUVECs was observed and photographed under an inverted microscope.

Three-dimensional (3D) matrigel culture
---------------------------------------

Three-dimensional culture was used to evaluate the ability of cells to form vascular mimicry structure. U87MG, U87MG-NC, or U87MG-SLC8A2 cells (1.8 × 10^4^) were re-suspended in 200 ml serum-free DMEM and added to a Matrigel-coated 48-well plate. The concentration of Matrigel used was 60%. After incubation at 37°C for 4 h, the capacity of vascular mimicry formation was observed under an inverted microscope.

Microarray assay and functional enrichment analysis
---------------------------------------------------

Total RNA was extracted using Trizol reagent (Invitrogen) according to the manufacturer's protocol. Gene expression was analyzed using an Affymetrix GeneChip® Human Genome U133 Plus 2.0 Array. Samples for array hybridization were prepared as described in the Affymetrix geneChip® expression Technical Manual. The differentially expressed genes selected out from the microarray data set were subjected to Kyoto encyclopedia of genes and genomes (KEGG) pathway and Gene Ontology (GO) term enrichment analysis to identify altered biological functions.

Statistical analysis
--------------------

Statistical analyses were performed using SPSS version 19.0 (SPSS, USA). Data are expressed as mean values ± SD. All data were analyzed by Student's *t*-test or one-way ANOVA. Differences were considered statistically significant with an alpha valve of *P* \< 0.05.

RESULTS
=======

SLC8A2 inhibits *in vivo* growth of xenograft tumors of U87MG cells
-------------------------------------------------------------------

We constructed the U87MG cells stably transfected with SLC8A2 to assessed the role of SLC8A2 in glioblastoma. Western blot analysis indicated that the protein level of SLC8A2 was significantly up-regulated in U87MG-SLC8A2 group as compared with untreated cells (U87MG) and negative control (U87MG-NC) group, verifying that U87MG cells stably transfected with SLC8A2 were well constructed ([Fig. 1A](#f1-molce-40-10-761){ref-type="fig"}). Then, we established xenograft mouse models to investigate the biological effect of overexpressing SLC8A2 on tumorigenicity of U87MG cells *in vivo*. Interestingly, our result showed that no mouse developed tumor in U87MG-SLC8A2 group, while all five mice developed tumors in both U87MG and U87MG-NC groups ([Fig. 1B](#f1-molce-40-10-761){ref-type="fig"}). These results indicated that SLC8A2 overexpression could inhibit the tumorigenicity of U87MG cell *in vivo*.

SLC8A2 does not affect the proliferation and cell cycle progression of U87MG cells *in vitro*
---------------------------------------------------------------------------------------------

We then investigated the biological function of SLC8A2 on the proliferation of U87MG cells. CCK-8 assay was performed to determine the growth rate of the U87MG, U87MG-NC and U87MG-SLC8A2 cells in 6 d. As shown in [Fig. 2A](#f2-molce-40-10-761){ref-type="fig"}, no significant difference was noted among the three groups. In the following cell cycle analysis, we found that the percentages of the cells in the G0/G1 phase among U87MG, U87MG-NC and U87MG-SLC8A2 cells had no significant difference. And there was also no significant difference in the S and G2/M phase among the three groups ([Fig. 2B](#f2-molce-40-10-761){ref-type="fig"}). These data indicated that SLC8A2 could not affect the cell proliferation of U87MG cells *in vitro*.

SLC8A2 inhibits the invasion and migration of U87MG cells
---------------------------------------------------------

By using Transwell assays, the effect of SLC8A2 on the invasion and migration of U87MG cells was evaluated. Cells from each group that moved through the Transwell chambers and the Matrigel-coated Transwell chambers were counted. As showed in the [Fig. 3](#f3-molce-40-10-761){ref-type="fig"}, the number of migrated and invaded cells in U87MG-SLC8A2 cells was significantly less than that in both U87MG and U87MG-NC, suggesting that SLC8A2 could inhibit the invasion and migration of U87MG cells.

SLC8A2 inhibits the expression of genes related to invasion and migration in U87MG cells
----------------------------------------------------------------------------------------

To further explore the molecular mechanisms of SLC8A2 on tumor invasion and migration, we analyzed the mRNA transcription of several important genes related to invasion and migration in glioblastoma. Matrix metalloproteinases (MMPs) and fibrinolytic system members were excessively expressed in glioblastoma and have direct association with the invasion and migration of glioblastoma ([@b7-molce-40-10-761]; [@b19-molce-40-10-761]; [@b26-molce-40-10-761]). Urokinase-type plasminogen activator PA (uPA) and its receptor uPAR are key components of the fibrinolytic system. As showed in [Fig. 4A](#f4-molce-40-10-761){ref-type="fig"}, the mRNA levels of MMP-2, MMP-9, uPA and uPAR were significantly reduced in U87MG-SLC8A2 cells as compared with that in U87MG-NC and U87MG cells.

In addition, Western blot analysis revealed that SLC8A2 significantly down-regulated the protein level of MMP-2 ([Fig. 4B](#f4-molce-40-10-761){ref-type="fig"}). Moreover, the gelatin zymogram analysis showed that the enzymatic activity of MMP-2 which was secreted in the serum-free DMEM was almost blocked by SLC8A2, which was consistent with the decrease in protein abundance of MMP-2 ([Fig. 4C](#f4-molce-40-10-761){ref-type="fig"}). These findings suggest that the anti-invasive effect of SLC8A2 is related to the inhibition of MMPs and uPA expression in U87MG cells.

Besides, the protein expression levels of epithelial to mesenchymal transitions (EMT)-associated proteins E-cardherin, vimentin and Snail were also detected. As shown in [Fig, 4D](#f4-molce-40-10-761){ref-type="fig"}, the protein levels of vimentin and Snail were significantly decreased, whereas the protein level of E-cardherin was significantly increased in U87MG-SLC8A2 cells as compared with that in U87MG-NC and U87MG cells.

SLC8A2 inhibits U87MG migration and invasion through ERK1/2-NF-κB-MMPs/uPA-uPAR signals
---------------------------------------------------------------------------------------

The kB binding site of nuclear factor kappa B (NF-κB) was identified in the promoter regions of MMP-2, MMP-9, uPA, and uPAR genes ([@b23-molce-40-10-761]; [@b46-molce-40-10-761]). The activation of NF-κB pathways could trigger their mRNA transcription ([@b23-molce-40-10-761]). To evaluate whether SLC8A2 regulated NF-κB pathway, the protein levels of total p65, inhibitor of kB (IkB), phospho-IkB (p-IkB), p65 in the nucleus were detected by Western blot. As shown in [Fig. 5A](#f5-molce-40-10-761){ref-type="fig"}, the protein level of total p65 was not altered in the three groups. However, the p-IkB level was reduced, the total IkB level was increased, as a matter of course, the p65 level in the nucleus was reduced in the U87MG-SLC8A2 cells as compared to the control, U87MG-NC cells ([Fig. 5B](#f5-molce-40-10-761){ref-type="fig"}). There was no difference between U87MG-NC and U87MG cells. These findings indicated that SLC8A2 could inhibit the transference of p65 from cytoplasm into nucleus, thus impaired the activation of NF-κB.

Mitogen-activated protein kinase (MAPK) and AKT pathways were frequently extensively deregulated in glioblastoma and their excessive activation led to abnormal activation of NF-κB and overexpression of MMP-2, MMP-9, uPA, and uPAR genes. MAPK has been classified into three major subfamilies: extracellular signal-related kinases (ERK) 1/2, c-Jun N-terminal kinase (JNK), and p38 ([@b16-molce-40-10-761]; [@b38-molce-40-10-761]). The protein levels of AKT and MAPKs (ERK, JNK, p38) were investigated in U87MG-SLC8A2 cells. Among all kinases tested, ERK1/2 phosphorylation was selectively and dramatically decreased without altering its protein amount in U87MG-SLC8A2 cells, whereas the phosphorylation of JNK, p38 and AKT showed no significant change ([Fig. 5C](#f5-molce-40-10-761){ref-type="fig"}), indicating that SLC8A2 might reduce the migration and invasion of U87MG cells by inactivating the ERK1/2 MAPK pathway. Collectively, SLC8A2 inhibited U87MG invasion through ERK1/2-NF-κB-MMPs/uPA-uPAR signals.

Effect of SLC8A2 on angiogenesis of U87MG *in vitro*
----------------------------------------------------

Interaction between tumor cells and endothelial cells in glioblastoma was stimulated by Transwell-based co-culture of U87MG and HUVECs cells. To determine the effect of SLC8A2 overexpression on angiogenesis in glioblastoma microenvironment, endothelial cell migration, invasion and tube formation assays were performed. HUVECs cells were suspended in serum-free CM obtained from culture supernatant of U87MG, U87MG-NC or U87MG-SLC8A2 cells. Transwell assays revealed that the migration and invasion of endothelial cells were significantly inhibited by SLC8A2 overexpression as compared with U87MG and U87MG-NC group. And no significant difference was observed between U87MG-NC and U87MG cells ([Fig. 6A](#f6-molce-40-10-761){ref-type="fig"}). The above findings indicated that SLC8A2 overexpression significantly inhibited U87-induced migration and invasion of endothelial cells. Additionally, HUVECs tube formation assay showed that the tube formation of capillary-like structures by HUVECs cocultured with U87MG-SLC8A2 cells was significantly suppressed compared with U87MG and U87MG-NC group ([Fig. 6B](#f6-molce-40-10-761){ref-type="fig"}). Furthermore, the expression of vascular endothelial growth factor (VEGF), an angiogenic factor important for the induction of angiogenesis and blood vessel formation, was detected to investigate the molecular mechanism underlying the inhibition of angiogenesis by SLC8A2. We found that SLC8A2 significantly inhibited the expression of VEGF189, VEGF165, and VEGF121 ([Fig. 6C](#f6-molce-40-10-761){ref-type="fig"}), suggesting the inhibitory effect of SLC8A2 on VEGF-VEGF receptor system where tumor cells interacts with endothelial cells. Moreover, SLC8A2 overexpression significantly down-regulated the expression levels of some tumor angiogenesis-related genes, such as cyclooxygenase-2 (COX-2) ([Fig. 6C](#f6-molce-40-10-761){ref-type="fig"}) and hypoxia-inducible factor 1α (HIF-1α) ([Fig. 6D](#f6-molce-40-10-761){ref-type="fig"}).

We then evaluated the effect of SLC8A2 on the vascular mimicry (VM) formation of U87MG cells using the 3D culture model. As shown in [Fig. 6E](#f6-molce-40-10-761){ref-type="fig"}, U87MG-SLC8A2 cells cultured in 3D vascular glue failed to form a complete vascular-like structure, and the cell morphology could not change plasticity, whereas U87MG and U87MG-NC cells displayed stronger ability of VM formation, with better vascular cavity structure. These results indicated that SLC8A2 may inhibit U87MG cells to form VM. COX-2 and Wnt/β-catenin were shown to play important biological roles in the formation of VMs ([@b27-molce-40-10-761]; [@b34-molce-40-10-761]). β-catenin is a critical component of Wnt/β-catenin pathway. The attenuation of the Wnt/β-catenin pathway was due to the loss of nuclear β-catenin. Here, we found that, consistent with the decrease of COX-2, SLC8A2 overexpression inhibited protein levels of nuclear-β-catenin, indicating that SLC8A2 may inhibit Wnt/β-catenin pathway ([Fig. 6F](#f6-molce-40-10-761){ref-type="fig"}).

Effect of SLC8A2 overexpression on gene expression profile and signaling
------------------------------------------------------------------------

To investigate the molecular mechanism of SLC8A2 gene expression in suppressing glioblastoma, total RNA was isolated from U87MG-NC and U87MG-SLC8A2 cells and analysis of gene expression profiling was performed using the Affymetrix GeneChip® Human Genome U133 Plus 2.0 Array. The array contains 47,000 transcripts, representing 38,500 well-characterized human genes. Analysis identified significant expression differences of 2853 genes after SLC8A2 overexpression, with 1555 genes being upregulated and 1298 genes being down-regulated (fold change \> 2.0, *P* \< 0.01), as compared with the U87MG-NC group. The heatmap for cluster analysis of differentially expressed genes was shown in [Fig. 7](#f7-molce-40-10-761){ref-type="fig"}.

KEGG pathway enrichment analysis showed that these differentially expressed genes were involved in a total of 98 significantly altered pathways including MAPK, Wnt, and TGF-β, as well as biological processes including cell adhesion, tightness junction, apoptosis, cell cycle, and nucleotide excision repair (Enrichment test *P* value \<0.01, false discovery rate (FDR) *P* value \<0.01). The 24 pathways with most significant changes were listed in [Supplementary Table 1](#s1-molce-40-10-761){ref-type="supplementary-material"}.

The results of Gene Ontology (GO) term enrichment analysis revealed that these differentially expressed genes were associated with cell proliferation, cell communication and cell migration (Enrichment test *P* value \<0.01, FDR *P* value \<0.01). The first 7 GO terms with most significant changes were listed in [Supplementary Table 2](#s1-molce-40-10-761){ref-type="supplementary-material"}.

DISCUSSION
==========

The glioblastoma cell line U87MG, originally derived from a human glioblastoma, is highly proliferative and tumorigenic both *in vivo* and *in vitro*. Our previous study showed that SLC8A2 was totally silenced in U87MG cells ([@b29-molce-40-10-761]). Thereby, the stably SLC8A2-transfected U87MG cell line, U87MG-SLC8A2, was constructed. The xenograft experiments in nude mice showed that SLC8A2 could inhibit the tumorigenicity of U87MG cell *in vivo*, verifying that SLC8A2 possesses tumor-suppressive functions. However, we found that SLC8A2 did not significantly affect the cell proliferation and cell cycle of U87MG *in vitro*. The inconsistent biological function of SLC8A2 *in vitro* and *in vivo* might be the interplay between SLC8A2 and the complex tumor ecosystem, which was also called the tumor microenvironment. Minor alterations in single component of the tumor ecosystem may cause a dramatic reorganization of the whole system ([@b37-molce-40-10-761]). We assume that SLC8A2 may interfere with certain element of the tumor ecosystem and thus counteracted growth of U87MG xenograft *in vivo*.

Malignant gliomas including glioblastoma are characterized by local invasion ([@b13-molce-40-10-761]) and there is rarely a clear border between the tumor and the surrounding normal brain parenchyma, both of which make it an important contribution to the ineffectiveness of current treatment modalities. Understanding the mechanisms of glioblastoma invasion and migration is therefore vital for designing effective therapeutic interventions to prevent the spread of this disease ([@b5-molce-40-10-761]; [@b9-molce-40-10-761]; [@b22-molce-40-10-761]). The invasion process of glioblastoma is complicated, involving a series of sequential steps. The degradation of the extracellular matrix (ECM) by the proteolytic enzymes is the first step of this process. MMPs and uPA-uPAR system are the key proteases produced by glioma cells involving the degradation of ECM, and uPA may cleaves and activates the MMPs in a directly or indirectly way ([@b4-molce-40-10-761]; [@b31-molce-40-10-761]; [@b18-molce-40-10-761]). High levels of MMPs and uPA/uPAR are closely related to the malignant gliomas progression ([@b19-molce-40-10-761]; [@b26-molce-40-10-761]). Silence of uPA, uPAR and MMP-9 inhibited glioma cell invasion ([@b7-molce-40-10-761]). The EMT is a key step toward cancer invasion and metastasis([@b11-molce-40-10-761]). In the present study, we found that the expression of MMP-2, MMP-9, uPA and uPAR was dramatically inhibited by SLC8A2 in U87MG cells. In addition, the activity of MMP-2 was blocked, which was consistent with its decreased protein level. As the basic expression level of MMP-9 in U87MG cells *in vitro* was low, it was quite hard to determine the change of its activity. Besides, the protein levels of EMT-associated proteins E-cardherin, vimentin and Snail were altered after SLC8A2 knockdown in U87MG cells *in vitro*. These results suggested that SLC8A2 inhibited the invasive behavior of U87MG cells, at least partially, probably by regulating the aberrant expression level and activity of MMPs and uPA-uPAR, as well as altering the protein levels of EMT-associated proteins.

NF-κB pathway is constitutively activated and plays a key role in the tumorigenesis, tumor invasion, metastasis, and angiogenesis of human gliomas ([@b8-molce-40-10-761]; [@b23-molce-40-10-761]). It is an effective strategy to suppress invasion of glioma cells by blocking NF-κB activity ([@b23-molce-40-10-761]). NF-κB is a sequence-specific transcription factor that belongs to the reticuloendotheliosis (Rel) family proteins ([@b15-molce-40-10-761]; [@b32-molce-40-10-761]). The NF-κB family contains five closely related DNA-binding proteins: RelA (p65), RelB, c-Rel, NF-κB1 (p50) and NF-κB2 (p52) ([@b41-molce-40-10-761]). Stimulation including the cytokines tumor necrosis factor (TNF)-α and interleukin (IL)-1 leads to the rapid phosphorylation, ubiquitination, and ultimately proteolytic degradation of NF-κB intrinsic inhibitor IκB, which frees NF-κB-p65 to translocate from cytoplasm to the nucleus and activate the transcription of its target genes ([@b35-molce-40-10-761]; [@b45-molce-40-10-761]). Reports showed that constitutive NF-κB activity in cancer cells can be inhibited through down-regulation of the NF-κB intrinsic inhibitor IκB ([@b23-molce-40-10-761]). The functional NF-κB-binding sites were identified in the promoter regions of MMP-9, uPA and uPAR ([@b23-molce-40-10-761]; [@b46-molce-40-10-761]). The activated NF-κB factor in nucleus may functionally bind to their promoters and directly regulates their mRNA transcription ([@b23-molce-40-10-761]). Here, we found that the phosphorylation of IkB (p-IkB) and the p65 level in the nucleus were significantly reduced in the U87MG-SLC8A2 cells as compared with the control, indicating that SLC8A2 could inhibit the transference of p65 from cytoplasm into nucleus, thus impaired the activation of NF-κB in U87MG cells. This might be the molecular mechanism by which SLC8A2 reduced the expression levels of the proteolytic enzymes, MMP-2, MMP-9, uPA and uPAR (NF-κB-MMPs/uPA-uPAR).

MAPK family constitutes important mediators of signal transduction pathways that serve to coordinate the cellular response to a variety of extracellular stimuli. Based on structural differences, it has been classified into three major subfamilies: ERK1/2, JNK, and p38 ([@b16-molce-40-10-761]; [@b38-molce-40-10-761]). In general, these subfamilies are present in their non-activated forms in the cytoplasm. Activation of them has been demonstrated to be involved in the invasion and migration in gliomas ([@b10-molce-40-10-761]). In addition, MAPKs are the up-stream modulators of the NF-κB pathway, and also play an important role in regulating the expression of MMPs and uPA-uPAR system ([@b3-molce-40-10-761]; [@b14-molce-40-10-761]; [@b21-molce-40-10-761]; [@b36-molce-40-10-761]). Several studies have revealed that the cytosolic Ca^2+^ frequently interacted with the MAPK pathways and thus contributed to the progression of glioma ([@b20-molce-40-10-761]). Thus the inhibition of MAPK pathways may serve as an effective treatment strategy for glioma. Among all kinases tested, we found that ERK1/2 phosphorylation was selectively and dramatically inhibited without altering its protein by SLC8A2 in U87MG cells, whereas the phosphorylation of JNK, and p38 showed no significant change, indicating that SLC8A2 specifically blocked the activation of the ERK1/2 pathway through a certain mechanism, which has no effect on the other pathways.

Evidences have accumulated that AKT pathway could also regulate the NF-κB pathway ([@b3-molce-40-10-761]) and play a key role in regulation of the invasive phenotype in the glioma cells ([@b25-molce-40-10-761]; [@b28-molce-40-10-761]). Therefore, we investigated whether SLC8A2 affected the AKT in glioblastoma cell U87MG. Of note, no alteration in the protein level of phospho-AKT was detected in the U87MG-SLC8A2 cells.

Glioblastoma is one of the most angiogenic malignancies and anti-angiogenic targeted therapy for glioblastoma has been under increase investigation ([@b6-molce-40-10-761]; [@b39-molce-40-10-761]; [@b40-molce-40-10-761]). Our study found that SLC8A2 inhibited migration, invasion, and the tube formation of endothelial cells, as well as down-regulated the expression of VEGF189, VEGF165, and VEGF121. In addition, COX-2 and HIF-1α, tumor angiogenesis-related genes which can regulate VEGF expression ([@b17-molce-40-10-761]), were also suppressed by SLC8A2 overexpression. These results suggested that SLC8A2 inhibited endothelium-dependent angiogenesis of glioblastoma. A new microvascular circulation not involving endothelial cells, termed VM, by which highly aggressive tumor cells can form vessel-like structures themselves ([@b1-molce-40-10-761]), is reported as one part of the vascularization of glioblastoma. COX-2, MMPs, HIF-1α, VEGFR2, Wnt/β-catenin, ERK1/2 and other molecular or signaling pathways play an important biological role in VM formation ([@b27-molce-40-10-761]; [@b34-molce-40-10-761]). For example, knockdown of COX-2 by siRNA or abrogating activity of COX-2 by celecoxib (COX-2 inhibitor) led to impairment of VM formation ([@b34-molce-40-10-761]). Here, we found that SLC8A2 down-regulated expression of COX-2, HIF-1α, MMPs (MMP-2, MMP-9) and VEGFs (VEGF121, VEGF165, VEGF189), as well as inhibited Wnt/β-catenin and ERK1/2 signaling, indicating that SLC8A2 may inhibit angiogenesis by suppressing vascular mimicry. Accordingly, we hypothesized that SLC8A2 may be a common regulator of endothelium-dependent and endothelium-nondependent angiogenesis (vascular mimicry pattern), which then affected the formation of glioma blood vessels. The "combined inhibition" advantage of SLC8A2 rendered it a new target for anti-angiogenic therapy for glioblastoma.

In this study, gene expression microarray identified 2853 differentially expressed genes following SLC8A2 overexpression, with 1555 genes being up-regulated and 1298 genes being down-regulated. Bioinformatic analysis showed that these differentially expressed genes were associated with 98 pathways including MAPK, Wnt, and TGF-β, as well as biological functions including migration, adhesion, cell cycle, proliferation, communication, apoptosis, tightness junction, and nucleotide excision repair. Consistent with the bioinformatic analysis, results of *in vitro* experiments we performed above indicated that the molecular regulatory mechanism of SLC8A2 in inhibiting cell migration, invasion, and angiogenesis of U87MG was related to inactivation of the ERK1/2 MAPK and Wnt/β-catenin pathways. These findings provide new clues to the further study of the function and molecular mechanism of SLC8A2.

In summary, we found that SLC8A2 could inhibit the tumorigenicity of U87MG cell *in vivo*, confirming its tumor-suppressor role in glioblastoma. We also observed that SLC8A2 decreased the migrative and invasive capacity of U87MG cells, most likely through inactivating the ERK1/2 MAPK signaling pathway, inhibiting the nuclear translocation and DNA binding activity of NF-κB, and reducing the level of MMPs and uPA-uPAR system (ERK1/2-NF-κB-MMPS/uPA-uPAR). In addition, SLC8A2 may be a common negative regulator of endothelium-dependent and endothelium-nondependent angiogenesis (vascular mimicry pattern) of U87MG cells. Collectively, our findings suggest that SLC8A2 serves as a tumor suppressor gene and inhibits invasion, angiogenesis and growth of glioblastoma.
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![SLC8A2 inhibits *in vivo* growth of xenograft tumors of U87MG cells\
(A) The U87MG-SLC8A2 cells which were stably transfected with Lenti-SLC8A2-IRES-EGFP were confirmed by Western blot to overexpress SLC8A2 protein, while the U87MG and U87MG-NC (control cell) were not. GAPDH served as the loading control. (B) Effect of SLC8A2 on growth of xenograft tumors of U87MG cells. The 4 × 10^6^ cells of the U87MG, U87MG-NC and U87MG-SLC8A2 in 0.1 ml PBS were injected subcutaneously into the right flank of 4-week-old nude mice. Each group contains five mice. After 4 weeks, no mouse developed tumor in U87MG-SLC8A2 cell group, while all five mice developed tumors in both U87MG-NC and U87MG cell group.](molce-40-10-761f1){#f1-molce-40-10-761}

![SLC8A2 does not affect the proliferation and cell cycle progression of U87MG cells *in vitro*\
(A) Effect of SLC8A2 on proliferation of U87MG cells *in vitro*. The U87MG, U87MG-NC and U87MG-SLC8A2 cells were subjected to CCK-8 assay for 6 d. There was no significant difference among three groups. (B) Effect of SLC8A2 on cell cycle progression of U87MG cells *in vitro*. The U87MG, U87MG-NC and U87MG-SLC8A2 were subjected to cell cycle analysis by flow cytometry. Percentages of cells in G0/G1, S and G2/M of the three groups were scored and depicted. There was no significant difference among three groups.](molce-40-10-761f2){#f2-molce-40-10-761}

![SLC8A2 inhibits the invasion and migration of U87MG cells\
(A) Migration and (B) Matrigel invasion assays were performed using U87MG, U87MG-NC and U87MG-SLC8A2 cells. Representative images were shown. Data are presented as the mean number of the migration and invasion cells per filed counted from five randomly selected fields under a microscope (100 × magnification). \*\**P* \< 0.01. There was no significant difference between the U87MG and the U87MG-NC groups.](molce-40-10-761f3){#f3-molce-40-10-761}

![Effect of SLC8A2 on the mRNA transcription and protein expression related to invasion and migration as well as the enzyme activity of MMP-2 in U87MG cells\
One representative result of three independent preparations is shown. (A) RT-PCR was conducted to detect the mRNA expression of MMP-2, MMP-9, uPA and its receptor uPAR in U87MG, U87MG-NC and U87MG-SLC8A2 cells. GAPDH served as the internal control. (B) The protein levels of MMP-2 in U87MG, U87MG-NC and U87MG-SLC8A2 cells were examined by Western blot. GAPDH served as the loading control. (C) The activity of MMP-2 secreted in the DMEM was determined by gelatin zymography. (D) The protein levels of Snail, E-cardherin and vimentin in U87MG, U87MG-NC and U87MG-SLC8A2 cells were examined by Western blot. GAPDH served as the loading control. \*\**P* \< 0.01. There was no significant difference between the U87MG and the U87MG-NC groups.](molce-40-10-761f4){#f4-molce-40-10-761}

![Effect of SLC8A2 on NF-kB and MAPK (ERK1/2, p38, JNK, AKT) pathways in U87MG cells\
(A) The protein levels of total-IkB, p-IkB and total p65 in U87MG, U87MG-NC and U87MG-SLC8A2 cells were determined by Western blot. GAPDH served as the loading control. \*\**P* \< 0.01. (B) The protein level of p65 in nuclear in U87MG, U87MG-NC and U87MG-SLC8A2 cells was determined by Western blot. Lamin B1 served as the nuclear control. \*\**P* \< 0.01. (C) The protein levels of p-ERK1/2, ERK1/2, p-p38, p38, p-JNK, JNK, p-AKT and AKT are determined by Western blot. GAPDH served as the loading control. Blots shown in the experiment are typical of three independent experiments. \*\**P* \< 0.01.](molce-40-10-761f5){#f5-molce-40-10-761}

![Effect of SLC8A2 on angiogenesis of U87MG *in vitro*\
HUVECs cells were suspended in serum-free conditioned medium obtained from culture supernatant of U87MG, U87MG-NC or U87MG-SLC8A2 cells. (A) Cell migration and invasion of endothelial cells cocultured with U87MG, U87MG-NC and U87MG-SLC8A2 cells were evaluated by Transwell assays. (B) The tube formation of capillary-like structures by HUVECs co-cultured with U87MG, U87MG-NC, and U87MG-SLC8A2 cells were evaluated by HUVECs tube formation assay. (C) The expression of VEGF189, VEGF165, and VEGF121, COX-2, and (D) HIF-1α in U87MG, U87MG-NC and U87MG-SLC8A2 cells was detected by RT-PCR. GAPDH served as the internal control. (E) The three-dimensional Matrigel tube formation assay was used to investigate the capacity of vascular mimicry formation. (F) The protein levels of nuclear-β-catenin and total-β-catenin were examined by Western blot. The β-actin served as the loading control.](molce-40-10-761f6){#f6-molce-40-10-761}

![The heatmap for cluster analysis of differentially expressed genes\
The fold change in gene expression levels between U87-NC and U87-SLC8A2 cells. Fold change\>2.0, *P* \< 0.01. Red, up-regulation of gene expression; Green, down-regulation of gene expression.](molce-40-10-761f7){#f7-molce-40-10-761}
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